INTRODUCTION
H+,K+-ATPase, or the gastric proton pump, is an intrinsic membrane protein. Like N a+,K +-ATPase and Ca2+-ATPase, it belongs to the class of the E1-E2, or P-type family of, transport ATPases. The enzyme consists of two protein subunits (designated a and ff) and is therefore related more to N a \K '-ATPase than to Ca2' -ATPase. Both -ATPase subunits have been cloned and their primary structures have been eluci dated from several species [I], A major feature of the H ',K '-ATPase /¿-subunit is the presence of seven consensus sequences for N-linked glycosylation (six for the pig enzyme) that are all cotranslationally glycosylated [2] . Until now, the functional role of N-linked glycosylation for heterodimeric P-type ATPases has been examined for N a ' ,K '-ATPase only. In several reports it has been demonstrated that N-glycosylation is not essential for Na',K'-ATPase activity [3] [4] [5] . Because H \ K 1 -ATPase and Na',K'-ATPase are structurally and functionally very similar, it has been assumed that N-glycosylation is also not essential for H',K'-ATPase activity [6] . This, however, has not been tested yet. Although H \K '-A T P ase can be completely deglycosylated in vitro by peptide N-glycosylase F, complete deglycosylation generally requires the use of detergents [7] . Because 1T,K'-ATPase activity is highly sensitive to inactivation by detergents, the use of peptide N-glycosylase F is almost inevitably impaired, with a loss of catalytic activity of H',K^-ATPase. Therefore it is virtually impossible to correlate deglycosylation studies in vitro with the activity of the gastric proton pump. We succeeded in applying the baculovirus expression system to obtain catalytically functional properties of H+,K+-ATPase. Our results clearly show that the presence, but not the exact composition, of N-linked oligosaccharide units is essential to obtain a catalytically active recombinant H +,K+-ATPase.
MATERIALS AND METHODS

Cells and viruses
Six) cells (ATCC CRL-1711) were maintained as previously [8] . For production of HMO-ATPase, Sf9 cells were grown to 1.5 x 10° cells/ml in spinner flasks (Bellco, Vineland, NJ, U.S.A.), pelleted by centrifugation for 10 min at 100# at ambient temperature and infected with DLZaAS// viruses encoding both H h,K'-ATPase subunits and a //-galactosidase marker cassette [8] at 107 cells/ml with a multiplicity of infection of 3. After 1 h of infection at 27 °C, cells were transferred to 100 ml of fresh culture medium supplemented with 1 O 0 (v/v) ethanol and incubated at 27 °C with various concentrations of the glycoprotein biosynthesis inhibitor tunicamycin or the gly coprotein processing inhibitor 1-deoxymannojirimycin (dMANj (both from Boehringer, Mannheim, Germany) as indicated. Ethanol was added to the culture medium after infecting the cells, because this leads to synthesis ofhigher levels of functional H ' ,K '-ATPase [9] , Occasionally, cells were infected as monolayer cultures in tissue culture flasks.
Preparation of Sf9 membranes
active rat gastric H ' ,K 1 -ATPase from an insect cell source [8] .
Infected cells at 3 days after infection were centrifuged at 2000 g This enabled us to study the characteristics of H ',K '-A TPase in for 5 min at ambient temperature. The cell pellet was frozen at a model system in vitro. We have used glycoprotein biosynthesis -20 °C until further processing, which was done by resuspending and processing inhibitors to study the role of N-glycosylation for the cell pellets at 1()7 cells/ml in ice-cold homogenization butter 
Phosphorylation assay
The 
/7-Galactosidase assay
The /?-galactosidase content of infected cells was determined as described previously [9] ,
Confocal laser scan microscopy
Sf9 cells were grown on sterile microscope coverslides in complete growth medium and infected with a multiplicity of infection of 3 for 1 h at 27 °C. After infection, cells were incubated at 27 °C for 48 h in complete growth medium with additions as indicated. Cells were washed three times for 5 min with PBS, pH 7.4, followed by fixation in 1 % (w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 1 h at room temperature. Further processing was done by permeabilization at -20 °C in 100% methanol for 5 min. Next, the coverslides were dried at room temperature and non-specific binding sites for antibodies were blocked by incubation for 30-60 min in PBS/0.05 % polyoxyethylene sorbitan monolaurate (Tween-20) 
Protein analysis and subunit quantification
Protein was determined with the modified Lowry method de scribed by Peterson [11] , with BSA as a standard. The 1-1',K'-ATPase subunit content of the membrane fractions was de termined with a previously described quantitative ELISA [12] .
Immunoblotting and immunoprécipitation
Immunoblotting was performed with subunit-specific antibodies as described previously [8] . Occasionally, staining of specific proteins on immunoblots was done with a chemiluminescence detection kit in accordance with the instructions of the manu facturer (Tropix, Bedford, MA, U.S.A.). Immunoprécipitation was performed as follows : 200 /ig of crude Sf9 membrane proteins were solubilized in 0. [13] was added, and the entire mixture was incubated at 4 °C for 2 h. After centri fugation at 10000# for 2 min, the supernatant was incubated with 50 /¿I of Protein A immobilized on agarose (KemEnTec, Copenhagen, Denmark) and incubated for 3 h at 4 °C with constant agitation. The immunoprecipitates were collected by centrifugation for 1 min at 1000#, washed three times for 5 min in the same buffer as described above and solubilized in SDS/ PAGE sample buffer. Identification of H +,K+-ATPase subunits in the precipitates was established by immunoblotting. When either the antibody or the Protein A-agarose was omitted from the immunoprécipitation procedure, essentially no a-or subunits were found in the precipitates (results not shown).
Effect of inhibitors of glycoprotein biosynthesis and processing on the glycosylation and activities of H ' ,K+-ATPase produced in vitro
In the absence of inhibitors, infection of SP9 cells with DLZaAs// virus leads to the synthesis of substantial amounts of functional H',K'-ATPase. Functional aspects of this H \K '-A TPase pro duced in vitro can be demonstrated as an SCH 28080-sensitive ATP-dependent autophosphorylation capacity as well as an Mg'"'-dependent and K^-stimulated ATPase activity. These contrast with this inhibitory effect on the catalytic activities of H +,K+-ATPase, the level of endogenous (auto)phosphorylating enzymes (SCH 28080-insensitive) was hardly affected by tuniaetivities are absent from non-infected cells or cells harbouring camycin, demonstrating that the inhibitory action is not a only one of the two H \K '-A T Pase subunits [8, 9] . Addition of more than 100 ng/ml tunicamycin to the culture medium resulted in a highly reproducible dose-dependent decrease in the amount of functional H \K +-ATPase synthesized. This decrease in H +,K+-ATPase activity was correlated with a simultaneous decrease of the amount of glycosylated //-subunits as revealed by immunoblotting ( Figure 1B) . Treatment with tunicamycin had no visible effect on the H+,K+-ATPase a-subunit ( Figure 1A) . At tunicamycin concentrations above 1 //g/ml, only nonglycosylated /¿-subunits were detected by Western blotting and no significant H+,K+-ATPase activity could be measured. In Similarly to its effect on the steady-state phosphorylation capacity, tunicamycin inhibited the K+-stimulated ATPase activity of the recombinant enzyme. To exclude direct effects of tunicamycin on H+,K+-ATPase activity, a control experiment was performed in which pig gastric H+,K+-ATPase (1 mg/ml) was incubated at 20 °C for 20 h at pH 7.0 with different concentrations of tunicamycin, whereupon the phosphorylation capacity was determined. No significant effects were found after preincubation with tuni camycin concentrations up to 10 /tg/ml (results not shown). These results strongly suggest that N-glycosylation is somehow essential for H+,K+-ATPase activity.
Tunicamycin eliminates the formation of all N-linked oligo saccharides on proteins. Therefore, when using tunicamycin, we cannot establish whether the acquisition of oligosaccharides alone is sufficient for H +,K+-ATPase activity, or whether pro cessing of the oligosaccharide precursors into complex glycosylated forms (as in native H+,K+-ATPase) is also required. Despite the fact that insect cells are poorly equipped with the enzymes to perform complex-type N-glycosylation [14] , some recombinant baculovirus-infected insect-cell-expressed proteins do indeed carry complex-type oligosaccharides [15] . To assess whether or not the structure of the oligosaccharides on the H \K '-ATPase subunits could play a role in the catalytic activity of I-T,K'-ATPase, the effect of dMAN was studied. dMAN is a specific inhibitor of the a-mannosidase I-catalysed trimming of the high-mannose oligosaccharide precursor Man"GlcNAc2Asn to Man(1 GlcNAc2Asn. The latter form can be trimmed to Man.,GlcNAc.,Asn by Golgi-type a-mannosidase if and can subsequently be extended into complex-type glycosylated forms. Therefore, in the presence of dMAN, processing of the core glycosylated GlajMan^GlcNAa.Asn is arrested at the ManflGlcNAc2Asn stage, eliminating the ability of Sf9 cells to perform complex-type glycosylation.
First we studied the effect of addition of dMAN to the culture medium on the glycosylation pattern of the H+,K+-ATPase /jsubunit. In the absence of dMAN, glycosylated /¿-subunits appear on the Western blot as a smear of proteins with an apparent molecular mass of approx. 40-50 kDa. In the presence of at least synthesized in intro is decreased to two immunoreactive protein bands with apparent molecular masses of approx. 51 and 48 kDa, the upper band being predominant (Figure 2 ). This phenomenon was independent of the duration of the infectious process and subunits were more abundant m the pellet fraction, m which only little H +,K+-ATPase activity was found. This supports our conclusion that glycosylation is essential for H +,K+-ATPase was observed at 2, 3 and 4 days after infection (results not shown). The molecular mass of the upper band closely corre sponds to the expected molecular mass of a core-glycosylated /?subunit with seven N-linked oligosaccharide precursors [2] . The lower band might represent either a proteolytic breakdown product or a //-subunit with only six oligosaccharide precursors (as the result of one site's being less accessible), although other explanations cannot be excluded. The lower-molecular-mass fractions that appear in the absence of dMAN are most probably //-subunits with heterogeneously trimmed high-mannose oligo saccharide units. This etfect of dM AN is consistent with the established action of this compound [16] . Next, the effect of dMAN on the activity of the recombinant expressed H '\K '-ATPase was measured. If processing of the oligosaccharide moieties on the H \K '-A T P ase subunits is essential for its catalytic activities, inhibiting this processing with dMAN should have an all-or-none effect on H 1 ,K '-ATPase activity. This proved not to be so, because the steady-state phosphorylation capacity of an H ',K ' -ATPase preparation synthesized in the presence of 3 mM dMAN in the culture medium (a concentration that strongly inhibits mannosidase I activity; Figure 2 ) was identical with a control preparation (results not shown). Thus only the presence and not the exact structure of the oligosaccharide moieties is essential lor H ',K '-A TPase activity. activity.
Glycosylated /7-subunits co-purify with functional H+,K-ATPase
Additional results demonstrating the need of HMC'-ATPase to be N-glycosylated to perform catalytic activities was obtained from purification experiments. Only a relatively small fraction of the H \K '-A T P ase subunits synthesized in vitro possessed catalytic activity [8, 9] . Functional H+,K+-ATPase subunits in the standard crude membrane preparation could be separated from non-lunctional H ',K '-A TPase subunits by using a dis continuous sucrose density gradient as described in the Materials and methods section. The extent of glycosylation of the obtained fractions was examined on a Western blot (Figure 3 ). Compared with a crude membrane preparation, the purified H +,K '-ATPase fraction contained more glycosylated and almost no non
N-Glycosylation is essential for targeting the /7-subunit to the plasma membrane
The intracellular distribution of the H',K.+-ATPase subunits in recombinant-baculovirus-infected Sf9 cells was examined by confocal image processing. As shown in Figure 4(A) , the H*,K+-ATPase a-subunit is found exclusively in intracellular mem branous structures. No detectable levels of the a-subunit were found in the plasma membrane, which is consistent with obser vations by others [17] . This means that the catalytically active H+,K +-ATPase fraction also originates from an intracellular source.
The H \ K +-ATPase //-subunit ( Figure 4B ) is partly targeted to the plasma membrane and partly localized in intracellular membranous structures. In the presence of 5 //g/ml tunicamycin, the non-glycosylated //-subunit is localized entirely in intracellular membranous structures ( Figure 4C ). Apparently, proper processing of the H',K '-ATPase //-subunit to the plasma mem brane depends on the presence of N-linked oligosaccharides on this subunit, although other explanations cannot be excluded. These results are in contrast with observations on the Na',K'-ATPase //-subunit by others [3] [4] [5] . It was demonstrated in several different cell types that the N a',K '-A TPase //-subunit docs not need to be N-glycosylated to be transported to the plasma membrane. However, such a study has not yet been reported for the Na ',K '-ATPase expressed in insect cells. Because the H 1 ,K+-ATPase a-subunit is detected exclusively in intracellular mem branous structures, processing of the H'^K^-ATPase //-subunit to the plasma membrane does not seem to be essential for synthesis of a functional H '\K +-ATPase in insect cells.
N-Glycosylation is not essential for subunit assembly
In order to express H +,K +-ATPase functionally, we showed the need for both H 'MC'-ATPase subunits to be eo-expressed in individual SP9 cells [8] . This means that both H',K'-ATPase subunits must be engaged in the formation of a heteroduplex molecule, or a higher-order structure, to establish catalytic activity. This kind of protein interaction has often been studied with immunoprécipitation procedures. We therefore used this insect cells. Because the level of H+,K+-ATPase subunit synthesis was unaffected by tunicamycin, the results of our experiments can be interpreted as they are. Hence our results clearly show that the acquisition of N-linked oligosaccharide moieties is essential for obtaining a catalytically active H +,K+-ATP.ase in insect cells. The question of which mechanism of N-glycosylation is essential for catalytic activity of H+,K+-ATPase remains to be answered. An obvious explanation is that the sugar moieties are essential for subunit stabilization. Such a role has also been proposed for a variety of other (membrane) glycoproteins [20] [21] [22] . Another possibility is that an essential conformational transition of the H+,K+-ATPase subunits is obtained only after subunit glycosylation. Such a glycosylation-dependent folding event has also been reported for other proteins [23] . This option is supported by the fact that transport of the /?-subunit to the plasma membrane depends on N-glycosylation events as well. However, this latter criterion does not discriminate for the functional properties of the recombinant H+,K+-ATPase in Sf9 cells because the functional enzyme is retrieved from intracellular membranous structures. In addition, another structurally related * property of the ^-subunit, assembly with the a-subunit into a heterodimer complex, does not depend on the presence of Nlinked oligosaccharides on the /?-subunit. This could mean that method to study the role of N-glycosylation in the assembly of subunit assembly takes place before the subunits are to be H+,K+-ATPase subunits. The result is shown in Figure 5 . In glycosylated, or that the sugar moieties are otherwise engaged in immunoprecipitates from untreated cultures, both glycosylated the formation of a catalytically active H+,K+-ATPase. Therefore and non-glycosylated H +,K+-ATPase ^-subunits were pre cipitated with the anti-a-subunit antibody ( Figure 5, lane 1) . This a much more interesting speculation might be that (some of) the sugar residues present in all precursor, intermediate and fully means that both forms of the /?-subunit must be engaged with the complex glycosylated forms (Man3GlcNAc2 N-linked to an Asn a-subunit in a detergent-resistant complex and are therefore tightly associated. No glycosylated ^-subunits were produced in tunicamycin-treated cultures. As a result, the quantity of nonglycosylated ^-subunits was increased relative to untreated cultures. This effect was also visible in immunoprecipitates from tunicamycin-treated cultures (Figure 5 ; compare lane 2 with lane 1). In control precipitates from cells expressing only the H+,K+-ATPase /?-subunit, essentially no /?-subunits were precipitated with the anti-a-subunit antibody ( Figure 5, lane 3) .
subunit. In fact, the presence ol' a cytosolically located N-linked sugar moiety, has been reported for the H +,K +-ATPase a-subunit [26, 27] and also for the N a \K +-ATPase a-subunit [28] . Although we have not yet established whether or not the recombinantbaculovints-expressed H \ K +-ATPase a-subunit is N-glycosylated, the possibility that a cytosolically located N-linked sugar moiety on the a-subunit could be involved in the catalytic cycle of H \ K +-ATPase has also to be considered seriously. This latter option challenges our current understanding of how this proton pump functions.
